Abstract-The precise biochemical mechanisms underlying the reduction of HDL levels in hypertriglyceridemic states are currently not known. In humans, we showed that triglyceride (TG) enrichment of HDL, as occurs in hypertriglyceridemic states, enhances the clearance of HDL-associated apolipoprotein A-I (apoA-I) from the circulation. here is a strong inverse correlation between plasma levels of HDL cholesterol (HDL-C) and the development of atherosclerotic cardiovascular disease. 1,2 Hypertriglyceridemia is one of the most frequent metabolic abnormalities observed in association with low HDL-C, 1,3,4 although the mechanism accounting for this association is not entirely clear. We have previously shown in humans that triglyceride (TG) enrichment of HDL predisposes HDL particles to more rapid clearance of their apolipoprotein A-I (apoA-I) component. 5 ApoA-I is the major protein component of HDL and the fractional catabolic rate (FCR) of apoA-I is a surrogate marker of HDL holoparticle clearance. Moreover, because the catabolism of apoA-I correlates closely with plasma HDL-C levels, 6,7 we surmised that the enhanced catabolism of apoA-I from TG-enriched HDL plays an important role in HDL-C lowering in hypertriglyceridemic states. 5,8 -10 In contrast to our observation in humans, 5 in a recent study in New Zealand White (NZW) rabbits, we found that TG enrichment of rabbit HDL per se did not enhance the FCR of HDL apoA-I nor HDL cholesteryl ester (CE). 11 We hypothesized that the natural deficiency of hepatic lipase (HL) in the NZW rabbit could explain the lack of enhanced clearance of TG-enriched HDL in this model. 11 Several lines of evidence indicate that HL plays a prominent role in mediating HDL metabolism. It has been observed in humans that postheparin HL activity is inversely associated with plasma levels of HDL-C. [12] [13] [14] Similarly, overexpression of HL in several animal models resulted in marked reductions in HDL-C. 15-17 HL possesses both a lipolytic function and a non-lipolytic function, both of which play a role in mediating HDL catabolism, but appear to mediate different HDL metabolic pathways. In adenovirus transfection experiments overexpressing HL in HL-deficient mice, the ligand function of HL enhanced selective HDL-CE uptake and clearance, whereas the lipolytic function of HL was required to enhance HDL apoA-I clearance. 17, 18 Nevertheless, the effect of HL lipolytic action on the in vivo clearance of TG-enriched HDL has not previously been examined. Similarly the effect of a physiologically relevant level of HL lipolysis ex vivo on HDL catabolism in vivo has not been investigated, particularly in an animal model naturally deficient in HL.
T
here is a strong inverse correlation between plasma levels of HDL cholesterol (HDL-C) and the development of atherosclerotic cardiovascular disease. 1, 2 Hypertriglyceridemia is one of the most frequent metabolic abnormalities observed in association with low HDL-C, 1, 3, 4 although the mechanism accounting for this association is not entirely clear. We have previously shown in humans that triglyceride (TG) enrichment of HDL predisposes HDL particles to more rapid clearance of their apolipoprotein A-I (apoA-I) component. 5 ApoA-I is the major protein component of HDL and the fractional catabolic rate (FCR) of apoA-I is a surrogate marker of HDL holoparticle clearance. Moreover, because the catabolism of apoA-I correlates closely with plasma HDL-C levels, 6, 7 we surmised that the enhanced catabolism of apoA-I from TG-enriched HDL plays an important role in HDL-C lowering in hypertriglyceridemic states. 5,8 -10 In contrast to our observation in humans, 5 in a recent study in New Zealand White (NZW) rabbits, we found that TG enrichment of rabbit HDL per se did not enhance the FCR of HDL apoA-I nor HDL cholesteryl ester (CE). 11 We hypothesized that the natural deficiency of hepatic lipase (HL) in the NZW rabbit could explain the lack of enhanced clearance of TG-enriched HDL in this model. 11 Several lines of evidence indicate that HL plays a prominent role in mediating HDL metabolism. It has been observed in humans that postheparin HL activity is inversely associated with plasma levels of HDL-C. [12] [13] [14] Similarly, overexpression of HL in several animal models resulted in marked reductions in HDL-C. [15] [16] [17] HL possesses both a lipolytic function and a non-lipolytic function, both of which play a role in mediating HDL catabolism, but appear to mediate different HDL metabolic pathways. In adenovirus transfection experiments overexpressing HL in HL-deficient mice, the ligand function of HL enhanced selective HDL-CE uptake and clearance, whereas the lipolytic function of HL was required to enhance HDL apoA-I clearance. 17, 18 Nevertheless, the effect of HL lipolytic action on the in vivo clearance of TG-enriched HDL has not previously been examined. Similarly the effect of a physiologically relevant level of HL lipolysis ex vivo on HDL catabolism in vivo has not been investigated, particularly in an animal model naturally deficient in HL.
In the present study, we investigated the effects of TG enrichment and HL-mediated lipolysis of HDL on the subsequent rate of clearance of HDL apoA-I in the NZW (ie, wild type) rabbit, an animal model deficient in HL. Our specific aim was to determine whether TG enrichment of HDL, similar to that observed in hypertriglyceridemic states, followed by ex vivo hydrolysis of the HDL by HL, would enhance the clearance of HDL apoA-I to a greater extent than TG enrichment without lipolysis, or lipolysis of HDL particles that were not TG-rich. We compared the metabolic clearance of TG-rich HDL incubated ex vivo with catalytically active HL to (1) the rate of clearance of TG-rich HDL incubated ex vivo with heat-inactivated HL and (2) the clearance of fasting (TG-poor) HDL incubated with active HL.
Methods

Isolation of HDL, Incubation with Human VLDL and HL, and Radiolabeling
All procedures followed were in accordance with institutional guidelines. Blood was obtained via cardiac puncture from overnightfasted male donor NZW rabbits sedated with ketamine and xylazine. HDL (density [d], 1.063 to 1.25) was isolated by sequential ultracentrifugation of whole rabbit serum 11 and then dialyzed in Tris buffer (0.15 mol/L NaCl and 0.1 mol/L Tris-Base, pH 7.4). To prepare the TG-rich tracers, 12 mL of rabbit serum was incubated ex vivo with postprandial human VLDL for 6 hours, as we have previously described. 11 In paired experiments, an equal amount of TG-rich HDL (2.4Ϯ0.1 mL; 11.1Ϯ2.0 mg HDL protein) was incubated with either catalytically active HL (nϭ6) or with HL that had previously been heat inactivated at 58°C for 1 hour (nϭ6). In separate experiments, a similar quantity of fasting HDL (2.1Ϯ0.1 mL; 7.4Ϯ0.5 mg HDL protein, nϭ6 incubations) was incubated with active HL. Included in each mixture was bovine serum albumin at a final concentration of 2.5% and 60 U/mL of heparin sodium (Organon Teknika). The incubations with active HL were performed at 34°C for 4 hours, whereas those with inactive HL were performed at 4°C for 4 hours. HDL from each incubation was reisolated by ultracentrifugation at dϭ1.25 mg/dL, and dialyzed overnight in Tris-EDTA buffer (0.15 mol/L NaCl, 0.01 mol/L Tris-Base, and 5 mmol/L EDTA, pH 7.4).
The reisolated HDL preparations (1.5Ϯ0.4 mg) were iodinated by a modification of the iodine monochloride method of McFarlane 19 by using 500 Ci of 131 I (NEN). Cold HDL carrier protein, 1.5Ϯ0.4 mg, was added to the iodinated HDL. The HDL tracers were then washed at dϭ1.25 g/mL at 4°C, followed by dialysis in Tris-EDTA buffer.
Analysis of Tracer Composition and Size
The chemical composition, size (as determined by 4% to 30% non-denaturing polyacrylamide gradient gel electrophoresis), and integrity of the HDL tracers were analyzed as previously described. 11, 20, 21 The size distribution of the labeled HDL tracers over time was also monitored. Briefly, each HDL tracer prepared, as described above, was incubated with rabbit serum at 37°C. Serum was then collected from the incubation mix at 2 minutes, 10 minutes, 30 minutes, 1 hour, 2 hours, and 4 hours. For the fasting (TG-poor) HDLϩactive HL tracer, the distribution of radioactivity between size fractions was also monitored in vivo, after injection of the tracer into the rabbit. HDL isolated from serum was then analyzed for size on polyacrylamide gradient gel electrophoresis gels. A radius of 5.5 nmol/L was arbitrarily chosen as the separation point for small and large particle size. A 5.5-nmol/L peak radius was previously shown to be the size of a population of TG-enriched HDL particles in hypertriglyceridemic subjects postprandially. 22 The relative concentration of small and large particles was determined by multiplying the size of each band by its fractional area. 23 Gel slices of the small and large HDL were then counted for radioactivity.
Isolation and Assay of HL
Purification of HL from postheparin human plasma was achieved by heparin sepharose affinity chromatography essentially as previously described by using a linear sodium chloride gradient 24, 25 applied to HiTrap heparin sepharose affinity columns (Amersham Pharmacia Biotech). Purified HL was detected by Western blotting analysis (by using a monoclonal antibody, a gift from Dr. J. Hill, University of British Columbia, Vancouver, Canada). HL activity was measured as previously described with 14 C-triolein as substrate in the presence of 1 mol/L NaCl. 13 The activity of the active HL added to the incubation mix was similar for the TG-rich HDLϩactive HL and fasting HDLϩactive HL experiments (52.4Ϯ9.7 mol free fatty acid (FFA)/h, nϭ12; Pϭnot significant between TG-rich and fasting experiments).
HDL Turnover Study
NZW male rabbits, 4.5 to 5.2 kg in weight, were used for the HDL kinetic experiments (6 animals in each of 3 groups for a total of 18 animals).
An aliquot of each tracer containing 1.0Ϯ0.2 mg HDL protein and 4.3Ϯ1.0 (ϫ10 7 ) cpm of 131 I-HDL was injected into the right marginal ear vein. Blood samples (2 mL) were obtained during the next three days from a vein in the opposite ear at the following time intervals: 10 minutes and 1, 2, 3, 4, 6, 24, 27, 30, 48, and 51 hours. HDL (d1.063 to d1.25) was isolated (from Ϸ1 mL serum) by sequential ultracentrifugation at 4°C. 11 131 I radioactivity specifically associated with HDL apoA-I (isolated with 15% SDS-PAGE gels) was determined as previously described. 21 
Kinetic Analysis
The radioactivity die-away curves were analyzed by using a twopool model as previously described 20, 21 with the SAAM II program (SAAM Institute). The average coefficient of variation for apoA-l FCRs were 14Ϯ1% for TG-rich HDLϩHL, 24Ϯ4% for TG-rich HDL, and 14Ϯ4% for fasting (TG-poor) HDLϩHL.
Statistics
Results are presented as meanϮSEM. Paired t tests were performed to compare log-transformed FCR values between TG-rich HDLϩactive HL and TG-rich HDLϩinactive tracers (because the same donor HDL was used for these two experiments) and to test differences in tracer composition and size. Unpaired t tests were performed to compare the log-transformed FCR, composition, and size between TG-rich HDLϩactive HL and fasting (TG-poor) HDLϩactive HL tracers (because donor HDLs from separate animals were used for these two experiments). Correlates of HDL TG content and apoA-I FCR were obtained by using Pearson correlation analysis.
Results
The mean total serum TG, cholesterol, CE, and PL concentrations over the course of the experiments (nϭ18 animals) averaged 0.76Ϯ0.04, 0.75Ϯ0.04, 0.69Ϯ0.04, and 0.97Ϯ0.04 mmol, respectively, showing that the lipid parameters were in steady state. There were no significant differences in serum lipid levels in the animals receiving the TG-rich HDLϩactive HL, TG-rich HDLϩinactive HL, and fasting (TG-poor) HDLϩactive HL tracers (nϭ6 animals in each group). Table 1 presents the mean lipid compositions and the sizes of the rabbit HDL tracers. Lipolysis of the TG-rich HDL with active HL resulted in a 31% average decline in HDL TG content (PϽ0.001), a 29% increase in the relative mass of CE (Pϭ0.07), and a 2-fold increase in the FFA content (Pϭ0.06) compared with TG-rich HDL incubated with heat-inactivated HL. In addition, in comparison to fasting (TG-poor) HDLϩactive HL, the TG-rich HDLϩactive HL injectate contained a significantly greater %mass of TG (2-fold; PϽ0.05) and markedly less cholesterol, CE, and phospholipid (PL) contents (52%, 57%, and 38%, respectively; PϽ0.01, PϽ0.001, and PϽ0.05, respectively). The TG-rich HDLϩactive HL tracer was markedly reduced in peak size in comparison to TG-rich HDLϩinactive HL and tended to be larger than fasting (TG-poor) HDLϩactive HL (peak radius, 5.09Ϯ0.21, 5.84Ϯ0.30, and 4.71Ϯ0.07 nm, respectively; PϽ0.01 and Pϭ0.12, respectively).
The relative distribution of radioactive label in HDL tracers was also monitored in HDL size subfractions in rabbit serum in vitro (for all 3 HDL tracers) and in vivo (for the fasting [TG-poor] HDLϩactive HL tracer) (as discussed in Methods). The majority of HDL injectate 131 I counts were found to be in the small-sized HDL subfraction for all 3 HDL tracers (70Ϯ6%). After incubation of the HDL tracers with rabbit serum in vitro and in vivo, the proportion of counts did not shift substantially between HDL size subfractions. Two hours after injection, 66Ϯ6% of 131 I counts were in the small-sized HDL subfraction (in vitro and in vivo observations combined). This result reflects a similar exchange process of apoA-I in all 3 HDL tracers with the heterogeneous HDL pool in serum. Figure 1A shows the die-away clearance curves of radiolabeled-HDL apoA-I from TG-rich HDLϩactive HL and TG-rich HDLϩinactive HL from one representative animal in each group. The kinetic parameters (FCR) derived from the clearance curves are presented in Table 2 . Results from the kinetic experiments showed a more rapid clearance of apoA-I associated with TG-rich HDLϩactive HL compared with apoA-I in TG-rich HDLϩinactive HL in 5 of 6 paired experiments, with a 22% greater mean apoA-I FCR of TG-rich HDLϩactive HL versus TG-rich HDLϩinactive HL (PϽ0.05). Figure 1B illustrates the die-away curves of TG-rich HDLϩactive HL and fasting HDL (TG-poor)ϩactive HL from one animal in each group. The mean FCR of apoA-I in TG-rich HDLϩactive HL was 26% greater than fasting (TG-poor) HDL apoA-I. Linear regression analysis revealed a positive correlation between HDL apoA-I FCR and HDL TG content (TG-rich HDLϩactive HL and fasting (TG-poor) HDLϩactive HL groups combined; Rϭ0.59, PϽ0.05; Figure 2 ).
Effect of HL-Mediated Lipolysis of TG-rich HDL on the FCR of HDL ApoA-I
Effect of HDL TG Enrichment, in the Presence of Active HL, on FCR of HDL ApoA-I
Discussion
We have shown in these experiments that the ex vivo action of catalytically active HL on TG-enriched HDL enhances the subsequent metabolic clearance of HDL apoA-I in NZW rabbits, a species naturally deficient in HL. Modification of TG-rich HDL by a physiologically relevant level of HL enzyme activity resulted in a 22% mean increase in the FCR of HDL apoA-I in comparison with TG-rich HDL incubated with heat-inactivated HL. HL modification of HDL that was not TG-rich (ie, fasting [TG-poor] HDL) did not result in a similar enhancement of HDL apoA-I clearance. In fact, the clearance of apoA-I associated with TG-rich HDLϩactive HL was 26% more rapid than apoA-I in fasting (TG-poor) HDLϩactive HL. A significant positive correlation was observed, moreover, between the %mass of TG within the HDL tracers and the corresponding HDL apoA-I FCR in the combined TG-rich and fasting (TG-poor) HDLϩactive HL groups (Rϭ0.59, PϽ0.05) .
Our results are consistent with in vitro studies showing that TG-enriched HDL is a better substrate for HL-mediated hydro- The data presented on the y axis of both graphs represents the radioactivity on HDLapoA-I isolated by gel electrophoresis of the delipidated HDL fraction (see Methods). The radioactivity data for each tracer was normalized as a function of the radioactivity measured at the first time interval (10 minutes).
lysis and particle destabilization than TG-poor HDL. 26 In humans, we have previously shown that TG-lowering (with gemfibrozil treatment) significantly reduces TG enrichment of HDL and consequently reduces the lipolytic transformation of HDL to small HDL species. 27 Moreover, it provides a mechanism explaining our previous findings in humans and the NZW rabbit. 5, 11 Although TG-enrichment of HDL was found to directly enhance the metabolic clearance of HDL apoA-I in healthy human subjects, 5 in HL-deficient NZW rabbits, we observed no difference in the clearance of TG-enriched versus native rabbit HDL apoA-I or CE. 11 We postulated that a deficiency of HL in rabbits explained the contrasting effects of TG enrichment on HDL metabolism in the two species. The present study clearly supports this hypothesis. Overall, our findings emphasize the importance of TG-HL interactions in altering HDL apoA-I catabolism, and suggest that both TG enrichment and lipolysis by HL are required for the enhancement of HDL particle clearance.
HL has been shown in several experimental model systems to possess both a lipolytic function and a non-lipolytic (ligand) function, both of which play a role in mediating HDL metabolism. 17, 18 The present studies were not designed, however, to investigate the non-lipolytic properties of HL, but to determine the effect of the lipolytic function of HL on the metabolism of TG-rich HDL. HL action on TG-rich HDL induced a reduction in HDL TG content and size and an increase in HDL FFA content, in comparison with TG-rich HDLϩinactive HL; however, the relative proportion of other lipid components of HDL-cholesterol, CE, and PL-were not different between the tracers. Although HL has a well characterized phospholipase activity, much of the PL transfers occur between HDL subfractions and would tend to be masked in our study as we used total HDL. 28 During the process of TG enrichment of HDL with VLDL in the present study, cholesterol esterification by lecithin cholesterol acyltransferase was not inhibited and would have added to the depletion of free cholesterol within the HDL injectates and limited the depletion of core CE within HDL during the process of TG loading by cholesteryl ester transfer protein. The HDL tracers in this study were generally in the size and lipid composition range previously reported for rabbit HDL (native rabbit HDL tends to be larger and more TG-enriched than human HDL); 29 however, the TG-rich HDL particles incubated with heat-inactivated HL were slightly larger in size.
Remodeling of TG-enriched HDL by active HL resulted in enhanced HDL apoA-I clearance in five of six paired experiments conducted (PϽ0.05 for the group). We speculate that TG enrichment of HDL favors greater lipolytic modification of the particle by HL, resulting in the formation of remnant HL particles that are more rapidly removed from the circulation by receptor-mediated holoparticle uptake. In a previous in vitro study, Barrans et al 28 had shown that the combination of TG-enrichment of HDL 2 , followed by HL-mediated hydrolysis of core TG, results in the formation of smaller ␣-HDL particles of reduced size, which they termed remnant HDL. ApoA-I associated with these remnant HDL particles showed greater high-affinity binding and uptake into human hepatoma cells compared with non-lipolyzed TG-rich HDL. 30 Remnant HDL apoA-I also demonstrated enhanced clearance in rat liver perfusion studies. 28 These findings suggested that remnant HDL undergoes greater holoparticle uptake at the liver. The present study, showing rapid in vivo clearance of apoA-I associated with lipolytically modified TG-rich HDL particles, provides in vivo support for this concept.
We have previously shown that lipolytically modified, small human HDL particles (postprandial HDL isolated from humans, after intravascular administration of heparin) are cleared more rapidly from the rabbit circulation, in comparison with large unlipolyzed HDL (postprandial HDL isolated from humans before heparin administration), 21 a finding that is completely in keeping with the findings of the present study. In the former study, 21 the use of lipolytically modified human HDL in the rabbit raised concerns of cross-species physiological relevance. In addition, in that study the lipolysis was massive and nonspecific (ie, presumably because of a combination of HL, lipoprotein lipase, and endothelial lipase [EL] ) and resulted in a marked increase in the FFA content of HDL. Nevertheless, the present study, which is far more physiologically relevant, supports our previous findings. Recently, EL, a new member of the lipase family, has been found to have a greater effect on HDL metabolism than HL when tested in vivo. 31 Recombinant adenovirus overexpression of EL in apoA-I-transgenic mice resulted in an Ϸ50% greater decrease in HDL-C than an equiva- lent expression of HL. 31 However, because EL exhibits predominantly phospholipase activity and comparatively less TG lipase activity, it likely plays less of a role in the metabolism of TG-rich HDL than HL. 32 The relative effect of HL versus EL on TG-rich HDL remains to be determined.
In conclusion, results of the present study demonstrate that lipolysis of TG-rich HDL by HL action enhances the rate at which apoA-I is cleared from the circulation in comparison with (1) TG-rich HDL incubated with heat-inactivated HL and (2) fasting (TG-poor) HDL incubated with active HL. Our data indicate that the production of smaller HDL particles by HL enzyme action increases apoA-I clearance from TG-rich HDL. Because apoA-I FCR is a close correlate of HDL-C levels, 6,7 the processing of TG-rich HDL by HL can partly explain the deleterious reduction in HDL-C levels in hypertriglyceridemia. Equally important, we observed a strong correlation between the HDL TG content and apoA-I FCR in those studies in which the HDL tracers were subjected to HL lipolysis, which highlights the negative impact of progressively greater hypertriglyceridemia and HDL TG enrichment on HDL levels. Future studies are required to elucidate more precisely how HL processing affects the interaction between lipolytically modified HDL remnants and lipoprotein receptors to enhance HDL clearance in hypertriglyceridemic states.
